Abstract-The concept of biomolecular shuttles using interactions of myosin (the motor) and actin filament (Factin, the shuttle) is that they can be used to transport micro or nano-sized cargos to a desired destination at nanoscale in synthesized environment. To utilize their ability to transport, dielectrophoretic forces which are generated by induced polarization under a nonuniform electrical field are introduced as a viable candidate to control the direction of their random movement. Under an AC electric field, actin filaments which slide on a heavy meromyosin coated surface show perpendicularly bidirectional movement between embedded electrodes and the aligned movement depends on the strength of dielectrophoretic forces. This paper explores the behaviors of F-actin movement under dielectrophoretic forces. Furthermore, the velocity and orientation of F-actin movement under the AC electric field are measured with various AC voltages, frequencies and distances between electrodes.
I. INTRODUCTION
Continue advances in micro/nanotechnology to perform bio/chemical analysis on a chip (lab-on-a-chip) are essential for their realization. The development of lab-on-a-chip has been challenged due to the limit of miniaturized devices with various functions such as cargo transport and analytic detection. Biomolecular shuttles consisting of myosin and F-actin may have the ability to be used in lab-on-a-chip as the solution due to their intrinsic functions [1] .
Actin-myosin (actomyosin) system is a basic component to perform nanoscale biological transport in cells. Myosin, a motor protein, transports cargos such as vesicles and organelles along F-actin and supports cell division and cell motility by interactions with F-actin [2] . Moreover, they generate forces for muscle contraction in skeletal muscle and their mechanical forces are known to be in the order of a few piconewtons [3] . Thus, the actomyosin system can be considered as not only a delivery or sorting system but also a microactuator in lab-on-achip. To perform such mechanical movement in interactions of myosin and F-actin, they use energy derived from hydrolysis of adenosine triphosphate (ATP) as chemical fuel in the motor domain of myosin.
Myosin II is composed of two motor domains which bind to F-actin and hydrolyze ATP, neck regions and tail domain. The mechanical movement in interactions of myosin and F-actin is because of conformational changes in myosin. The size of one mechanical movement in myosin is known to be approximately 5.5nm [4] . Myosin is cleaved into heavy meromyosin (HMM) and light meromyosin (LMM) by a protease digestion and HMM has two motor domains with a part of tail domain [5] . HMM is not only capable of interactions with F-actin but also more actively in interactions with F-actin than full-length myosin II. Myosin can drive the movement of F-actin in in vitro with certain artificial surfaces. F-actin moves in random directions on the myosin immobilized hydrophobic surface [6] .
Like other cytoskeletal filaments such as microtubules and intermediate filaments, actin can exist in a form of a monomeric subunit, known as globular actin (G-actin) and the size of G-actin is around 5.5 nm in diameter. F-actin formed by polymerization of G-actin is a flexible filament in doublestranded right-handed helix. The size of F-actin is around 7~8 nm in diameter with various lengths. F-actin has the structural polarity due to the formation of their subunits [2] . One end of F-actin is termed plus end while the other is termed minus end due to their polarities. The polarity is confirmed by interactions of myosin and F-actin. Most classes of myosin including myosin II walk along F-actin toward the plus end of F-actin while myosin VI walks toward the minus end of F-actin uniquely [7] .
Dynamically guiding the direction of biomolecular shuttles is necessary for the success of the nanoscale transportation by biomolecular shuttles. DC electric field [8] , driven flow field [9] and engineered patterns by photolithographic method [10] have been shown to control the direction of cytoskeletal filaments (microtubules or F-actin) on associated motor proteins (kinesin or myosin) coated surfaces. However, electrolysis in buffer solution imposes challenges to the stability of the solution under DC electric field. In order to avoid this adverse effect, we demonstrate the control of the direction of F-actin movement by using dielectrophoretic forces.
The phenomenon, the movement of dielectric particles by induced polarization in a nonuniform electric field such as an AC electric field, is termed dielectrophoresis (DEP) [11] and it has been used to manipulate micro-sized particles [12] [13] [14] . When dielectric particles are in a nonhomogenous electric field, they are polarized. Plus and minus charges on the particles are the same but the strength of the electric field is different on the sides of particles. The net force on particles makes particles move along the electric field but the direction of the force depends upon the conductivity and the permittivity of the surrounding medium and particles. If particles are more polarizable than the medium, particles are translated toward strong electric field regions while if particles are less polarizable they are translated toward weak electric field regions. The former is termed positive DEP and the latter is termed negative DEP. The strength of the net force, dielectrophoretic force, depends on the conductivity and the permittivity of the medium and particles, the shape and size of particles and the strength of the electric field and it is given by [11] 
in which is the radius of the particle, is the permittivity of the medium and is the permittivity of the particle. , a complex form of , is given by and is the conductivity of the material. is frequency in the AC electric field.
For F-actin, the dielectrophoretic force is given by [15, 16] ,
and a torque on F-actin by electroorientation is given by [16, 17] ,
in which is the radius of F-actin, is the length of F-actin.
is the permittivity of F-actin. in Equation (2) is called a polarzibility factor or known as ClausiusMossotti factor. Positive DEP and negative DEP depend on the sign of the factor. The torque on F-actin forces the longest axis of F-actin be aligned along the electric field.
F-actin which has the linear surface charge density of 4 e/nm at pH 7.2 can be affected by dielectrophoretic force [18] . When F-actin is suspended in the medium, a cloud of counter-ions which have opposite polarity against the surface charge of Factin surrounds F-actin and consequently F-actin becomes dielectric. In the present of a nonuniform electric field, the cloud of counter-ions is distorted and a dipole moment is created on F-actin [19] .
In existence of proper AC voltages and frequencies, F-actin undergoes positive DEP [16] . Suspending F-actin is collected on electrode edges, strong electric field regions and F-actin sliding on a HMM coated surface shows perpendicularly bidirectional movement along the electric field between embedded electrodes. We demonstrated the aligned movement of F-actin between electrodes increased in response to DEP forces. Moreover, we observed the velocity of F-actin increased in response to the strength of the electric field. For simulations, the conductivity of M-buffer, was measured as 0.5 S/m and = 78*ε 0 (ε 0 = 8.85*10 -12 C 2 /N·m 2 ), = 0.95 S/m and = 30* ε 0 were assumed [16] .
II. MATERIALS AND METHODS Figure 1 . Microelectrode structures. For parallel electrodes, the gap between electrodes is 7um. For 10° angular electrodes, minimum distance is 4um.
1. F-actin purification: G-actin was purified from a rabbit muscle acetone powder (Pel-freez Arkansas, LLC) by repeated filtration and ultracentrifugation in 1M NaHCO 3 . G-actin was polymerized into F-actin in existence of KCl then F-actin was labeled with rhodamine-phalloidin (R415, Invitrogen) to be fluorescent. The concentration of purified F-actin was determined by using specrophotometry at 290nm (BioMate 3, Thermo electron Corp.).
2. Microelectrode fabrication: To pattern electrode structure on a glass slide (24mm × 50mm with No.1 thickness, Corning Inc.) by photolithography, HMDS (adhesive) and AZ5214E (photoresist) were used. After a development process with MIF 312, 95nm Au was deposited after deposition of 5nm Ti by using sputtering then liftoff was followed. Silver epoxy paste (Transene Company, Inc.) was used for wire binding on contact pads in a microelectrode slide. Electrodes were composed of two 10 × 50um square electrode with different angles of 0° and 10°.
3. Thermal control system: The thermoelectric effect was utilized to maintain constant temperature and to provide specific temperature in flow cell during experiments. Two thermoelectric modules (9501/127030 B, Ferrotec Corp.), which were mounted between an aluminum microscope stage and heatsinks, generated heat or cold and they were controlled by FTC100 temperature controller.
4. DEP motility assay: A microelectrode slide was coated by 0.2% colloidin, known as nitrocellulose, in isomethyl acetate then baked for 1hour at 75°C. Flow cell (10mm × 18mm × 0.156mm) was built up of two double tapes as spacers and a cover slip (18mm × 18mm with No.1 thickness, Corning Inc.) on the colloidin coated microelectrode slide. Flow cell was In the absent of an AC electric field, F-actin binding on HMM moved in random directions across the surface. When electrodes were energized, F-actin movement between electrodes was regulated and showed aligned movement along the electric field. F-actin underwent positive DEP at all ranges of voltages and frequencies which were applied and it is consistent with calculated values of the polarizability factor in Equation (2) . The values with frequencies in ranges from 1MHz to 5MHz are constant at 0.9. From Equations (2) and (3), DEP forces on F-actin are proportional to the strength of the electric field. Fig. 5 shows that the aligned movement of Factin in parallel electrodes (A) and 10° angular electrodes (B). For comparison, distributions of the orientation of F-actin movement are normalized in Fig. 5 (A) and average orientation of F-actin movement for each section is taken in Fig. 5 (B) . Fig.  5 shows that the aligned movement of F-actin increases as the AC voltage increases and as the distance between electrodes decreases. For example, ~34% (55 of 163 F-actins) at 10Vp-p and 5MHz, ~45% (108 of 241 F-actins) at 15Vp-p and 5MHz and ~70% (191 of 274 F-actins) of F-actin at 20Vp-p and 5MHz show the orientation of their movement in ranges from 70° to 90° in parallel electrodes and average orientations of Factin movement are ~49°, ~63° and ~73° in 11-12um, 9-10um and 7-8um sections in 10° angular electrodes, respectively. The behaviors that the aligned movement of F-actin increases as the Figure 6 . Simple Equivalent circuit model for an electrode-electrolyte system AC voltage increases and as the distance between electrodes decreases are more obvious in higher frequencies in Fig. 5 .
III. RESULTS AND DISCUSSIONS

A. DEP Force Dependence of Aligned Movement
B. Frequency Dependence of DEP Forces
We observed the aligned movement of F-actin depends upon not only the change of AC voltages and distances but also frequencies. Frequency dependent part in DEP force and torque is the real part of the polarizability factor. However, in our calculation, the values are constant with frequencies in ranges from 1MHz to 5MHz. Many investigators also report frequency dependence of DEP forces and it is due to the capacitance of the double layer [14] . When voltage is applied to electrodes, a layer of counter-ions which have opposite polarity against excited voltage is created on the surface of electrodes. At this time, the counter-ion layer and the electrode form the double layer which acts as a capacitor. As a result, applied voltage is divided into fluid bulk between electrodes and the capacitor and the strength of the electric field by effective voltage-drop between electrodes is reduced as much as voltage-drop across the capacitor. If an electrode-electrolyte system is simply modeled for our system, impedance between electrodes can be described as increases are more obvious in higher AC voltages and shorter distances between electrodes as shown in Fig. 7 .
C.Electrothermal effect
There is an electrothermal effect in high electric field [12] . The power generation per unit volume by the electric field in the fluid is given by (6) 1.2mW, 2.8mW and 5mW in 10Vp-p, 15Vp-p and 20Vp-p, respectively. The amount of powers can rise of temperature in the fluid. To estimate the temperature rise in a given system, the following energy balance equation should be solved [12] ,
where T is temperature and k is the thermal conductivity of the fluid, 0.6 J·m -1 s -1 K -1 for water, and it is assumed that thermal equilibrium is established in a short time. The equation is written by [12] ⎟ ⎠
σ with boundary conditions T=T 0 at the electrode and ranges of x are 0 to d which is the distance between electrodes. The equation shows that temperature rise is proportional to the strength of the electric field. Fig. 8 shows a simulation of the distribution of temperature rise in parallel electrodes with 7um gap.
The velocity of F-actin movement is affected by various factors such as the type of myosin, the concentration of ATP and myosin concentration [20] . Temperature is also one of factors having influence F-actin movement. In preliminary studies, we observed the velocity of F-actin changed in different temperatures because ATPase rates in myosin increase as temperature increases [21] . The sliding movement of F-actin on a myosin coated surface is due to conformational changes in myosin during hydrolysis of ATP and the movement occurs in every cycle of the hydrolysis of ATP. Thus, increased ATPase rates with higher temperature result in speeding up F-actin movement. Fig. 9 shows F-actin velocities in parallel electrodes. F-actin velocity was 1.35 (±0.12) um/s before applying the electric field and it was increased as AC voltage increased and frequency increased. AC voltage and frequency dependence of F-actin velocity is because temperature rise depends on the strength of the electric field.
IV. CONCLUSIONS
In this paper, we demonstrated guiding the direction of Factin sliding on the HMM coated surface. Under the influence of DEP forces, F-actin movement is regulated and shows aligned bi-directional movement between embedded electrodes. We also demonstrated that not only the aligned movement but also the velocity of F-actin are changed in response of the strength of the electric field. DEP forces on F-actin are proportional to the strength of the electric field which partially depends upon frequencies because of the capacitance of the double layer. Moreover, temperature rise influencing F-actin velocity is proportional to the strength of the electric field.
Furthermore, our results suggest buffer solution of lower electrical conductivity for better aligned movement of F-actin, less frequency dependence of the strength of the electric field and lower temperature rise by the electric field. Fig.10 shows polarizability factors with different electrical conductivities of buffer solution. It indicates lower conductivity would have higher DEP forces. The capacitance of the double layer depends upon a thickness of the counter-ion layer, . At lower conductivity, the thickness of the counter-ion layer is increased and the capacitance becomes smaller, [22] . As the results, frequency dependence in our results would be diminished. Moreover, temperature rise due to the electric field can be reduced in lower conductivity because temperature rise is propotional to the conductivity in Equation (8) . 
